Ontogenetic differences between males and females result in sexual dimorphism, but this process is poorly understood in the majority of mammalian taxa. Sexual dimorphism is particularly extreme in the otariids (Carnivora: Otariidae), and to examine the origin, structure, and temporal patterns of otariid morphological diversity, we focus here on 3 otariid species: Arctocephalus australis (southern fur seal), Callorhinus ursinus (northern fur seal), and Otaria byronia (southern sea lion). Our aims are to compare the ontogeny of skull shape across species, and to evaluate the ontogeny of sexual dimorphism, testing the hypothesis that dimorphism arises by extrapolation of a shared ontogeny to the larger sizes that are characteristic of males. We found that dimorphism increased over ontogeny but was not due solely to allometric extrapolation, because different rates of development were found in some species. Specifically, the relationships between changes in shape and size increase were different between sexes in A. australis and O. byronia, but equal in C. ursinus. It is possible to implicate heterochrony in the origins of the modifications undergone during the ontogeny of males and females of A. australis and O. byronia, considering the differences in the rates of development between the sexes of both species, but it is certain that allometric repatterning also is involved in these.
Pinnipeds, and otariids (eared seals) in particular, display marked sexual size dimorphism and are frequently used to illustrate the theory of sexual selection (Lindenfors et al. 2002) . Female otariids congregate in large colonies to breed and nurse their young, giving some males the potential to increase mating success, and fostering male intrasexual competition. As a result, larger body size and canine size are favored in males but not in females, leading to sexual dimorphism (Lindenfors et al. 2002) .
Although many studies of sexual dimorphism in otariids have been published, including some on species studied here (e.g., Chiasson 1957; Crespo 1984; Drehmer and Ferigolo 1997) , ontogeny of dimorphism is poorly known. Ontogeny of sexual dimorphism is relevant because differences among taxa in sexual size dimorphism of adults could result from changes in distinct developmental processes, and thus differences may reflect different evolutionary histories (Badyaev et al. 2001) .
Knowledge of ontogeny is essential for understanding ultimate mechanisms underlying the evolution of sexual dimorphism. Similar patterns of dimorphism in adults may be achieved via a variety of ontogenetic pathways, and variation among these pathways may reflect fundamental differences in social structure, ecological factors, or phylogenetic relationships (Badyaev 2002) . Thus, without knowing details of ontogeny, we cannot understand evolutionary changes in sexual dimorphism. This is clearly illustrated by slow-growing species in which selection on males and females during growth, and not during the adult stage, is the most important determinant of sexual size dimorphism in adults (Leigh 1995) . We focus here on 3 polygynous species of otariids, Arctocephalus australis (southern fur seal), Callorhinus ursinus (northern fur seal), and Otaria byronia (southern sea lion), with the aim of contributing to the understanding of the origin, structure pattern, and temporal changes in sexual dimorphism. We present a comparative study of the skull ontogeny of the 2 species of otariids found most frequently on the coast of Rio Grande do Sul State, Brazil (O. byronia and A. australis). We also include C. ursinus because it is the extant species considered most closely related to the ancestor of otariids (Berta et al. 2006) . Wozencraft (2005) , following Rodriguez and Bastida (1993) , concluded that flavescens had priority over byronia, but we retain use of byronia here because the International Commission on Zoological Nomenclature recommended this epithet (Gardner and Robbins 1999; ICZN 2000) . In addition, although both type specimens are lost, an illustration of the skull of the type specimen of byronia in the palatal view exists, which provides unequivocal proof of the identity of this species.
Our study is pattern oriented and our specific objectives are to compare ontogenies of skull shape among species and between sexes; to compare sexual dimorphism of both size and shape during skull ontogeny; and to examine covariance between size and shape relative to both age and sex. In particular, we compare species and sexes by testing the hypothesis that the magnitude of change in shape and sexual dimorphism is the same in all groups, and those changes in shape are similar in all species.
MATERIALS AND METHODS
Data.-Our sample comprises a cross-sectional ontogenetic series of skulls from natural populations of 3 species of otariids: A. australis (n ¼ 76; from Brazil and Uruguay), C. ursinus (n ¼ 51; from California), and O. byronia (n ¼ 84; from Brazil, Uruguay, and Argentina; Appendix I). Ranges of skull size in units of centroid size (the square root of the summed squared distances between each landmark and centroid of the form for each species examined) are 18. 9332-43.948, 21.0265-46.9817, and 14.8127-57.6586, respectively. We used sutural ages of skulls to estimate ontogenetic stages (juveniles, subadults, and adults-Sivertsen 1954) . To estimate chronological age, we used the number of groups of growth layers deposited in dentine of bisected canine teeth (Schiavini et al. 1992) . Factors used in analyses were species, sex, and sutural age groups.
The analysis of ontogenetic change in morphology is based on landmarks, discrete points that are recognizable and corresponding among all specimens ( Fig. 1 ; Appendix II). We selected landmarks that could be located in all species at all ontogenetic stages, and that provided the most comprehensive and evenly distributed coverage as possible. Consistency of relative position, repeatability, and coplanarity also were taken into account when choosing landmarks.
Skulls were photographed in ventral view with the palate oriented parallel to the photographic plane, and digitized on both right and left sides by 1 observer (DS). Bilaterally homologous landmarks were averaged to avoid inflating degrees of freedom, but results depict whole skulls to facilitate ease of discussion. Landmarks were digitized using tpsDIG (Rohlf 1998 ; http://life.bio.sunysb.edu/morph).
Morphometric methods.-Geometric morphometrics was used to study the ontogeny of shape. Shape coordinates were used to construct illustrations, and partial warp scores were shape variables employed in analyses after Procrustes superposition. Procrustes superposition was carried out using BigFix6 and CoordGen6f, which are part of the Integrated Morphometrics Package (Sheets 2000 ; http://www.canisius.edu/ ;sheets/morphsoft.html).
For comparison of size we used centroid size. To test sexual size dimorphism we applied a t-test for 2 samples with different variances.
We used resampling-based F-tests to compare mean shapes between males and females of each species. To measure the degree of dimorphism attained at each stage, we used Procrustes distances, the generally accepted metric of dissimilarity between shapes. To determine the stage at which sexes became distinct, we ran comparisons between each developmental stage (with and without standardization by mean size) using the software TwoGroup6.h (Sheets 2000) . Standardization of shapes was performed using Standard6 (Sheets 2000) . Experiment-wide error of 0.05 was maintained by dividing the number of comparisons (3) to obtain a critical value of 0.016 (Bonferroni correction).
Covariation between ontogenetic changes in size and shape between sexes.-We employed multivariate covariance analysis (MANCOVA) using tpsRegr (Rohlf 1998 ; http://life. bio.sunysb.edu/morph). MANCOVA tests the null hypothesis that samples do not differ in their means after adjusting for effects of a covariate (size, in this case). The null hypothesis is that samples do not differ in regression slopes, which will be rejected if the interaction term (sex Â size in this analysis) is significant. If the null hypothesis is rejected, various explanations are possible. We 1st estimated and compared the rate of change (rate of development) in shape for each sex and the ontogenetic trajectories of shape. Second, we compared shapes between sexes at a common size by using regression equations for shape on size to predict shapes that would be observed at given sizes for each sex.
Variance about the mean was estimated as the residuals from regression equations. We then tested the hypothesis that these mean shapes were the same. The analysis was done for several sizes, using the shape at the minimum and maximum sizes observed for males. Additionally, we standardized samples to expected shape at the youngest age and for each sex at the age of ,1 year old (dental class zero) and at 10 years (when all specimens are conclusively mature). Standardization of shapes was performed using Standard6 and comparisons between means (and estimations of the Procrustes distance) were performed using TwoGroup6h (Sheets 2000) . The hypothesis that shape differences would be determined by size was tested by predicting the slope that would be observed at a given size in 1 species, and comparing this slope to all others at the same size. We then tested the hypothesis that mean slopes were the same using a multivariate analysis of variance and a canonical variate (CV) analysis (performed in the software CVAgen6j- Sheets 2000) . Finally, pairs of species were compared using TwoGroup, which tests the null hypothesis that means do not differ, in addition to estimating the Procrustes distances between means (with confidence intervals).
Determining rate of development.-Shape variables were regressed on log-transformed centroid size because most of ontogenetic shape change occurs early in development. The rate at which shape progressively differentiates away from that of the youngest age class was measured using Procrustes distance as the measure of shape difference magnitude. Comparisons were performed using MANCOVA. To compare ontogenies of shape, we estimated the angle between vectors of allometric coefficients (Zelditch et al. 2000 (Zelditch et al. , 2003 . When 2 vectors are similar, the angle between them is 08; when they are independent, the angle between them is 908. To test the null hypothesis that the angle between sexes is no greater than expected by chance, we used a resampling-based approach. Significance of the percentage of the explained variance was tested by bootstrap (n ¼ 100). Results were the vectors of ontogenetic allometric coefficients. Thus, components of these vectors are regression coefficients for shape variables on centroid size. The null hypothesis was that shape develops isometrically.
Comparing ontogenetic allometries of successive phases.-We performed a multivariate regression analysis in which centroid size was the independent variable for the regression. Specimens were grouped by sutural ages. The vector that describes ontogeny of shape over a given phase of development in each species (e.g., juvenile to subadult, and subadult to adult) was obtained by means of a piecewise multivariate linear regression of shape on size (as explained above), normalized to unit length. Posteriorly, comparisons between vectors from different ontogenetic stages were conducted by estimating the angle and the correlation (cosine) between these vectors. The angle is the inner product of vectors of allometric coefficients. Thus, it is possible to test the null hypothesis that the trajectory of shape is conserved during ontogeny of all species using a resampling procedure to obtain confidence intervals for angles and estimating uncertainty around each trajectory (Efron and Tibshirani 1993) . The null hypothesis is that angles between the ontogenetic phases are no larger than we would expect from the variation within a single phase. If the uncertainty is large (due to sampling), then we cannot reject the null hypothesis that there is no difference in ontogeny of shape.
We tested whether the observed angle could have originated from 2 independent samples taken from the same ontogenetic phase by estimating the distribution of angles that could be obtained from repeated sampling of a single group. Expected shape at each size was estimated from the multivariate regression equation and residuals were calculated for each individual. Consequently, a multidimensional set of residuals was obtained from each specimen, representing deviations from expected shapes for given sizes. The complete set of residuals for each individual was bootstrapped (n ¼ 100) with replacement as an entire set, thereby preserving the covariance structure among variables.
Next, a replicate of the original data set was produced by addition of the set of residuals to the expected shape for each size. Then, 2 ontogenetic vectors were derived from a pair of these randomized sets and the angle between them was calculated. When the observed angle between phases exceeded the 95% confidence interval of the 2 within-phase ranges, the difference between vectors of the 2 stages was considered statistically significant. Otherwise, differences in sample sizes of ontogenetic stages were taken in account in the distribution of the randomized data sets (bootstrapped data sets had comparable sample sizes). In this context, the 2 bootstrap sets formed from the group with the largest sample size agreed with the sample sizes of the 2 groups that were compared (i.e., 1 bootstrap set has a larger sample size than the original group and the other has a smaller sample size compared to the original group). Comparisons between vectors were performed in VecCompare6 (Sheets 2000; Zelditch et al. 2003) .
RESULTS
Sexual dimorphism in size.-Juvenile C. ursinus comprised the only group for which there was no significant sexual size dimorphism. In other age groups of C. ursinus and at every stage of ontogeny in both A. australis and O. byronia, males were significantly larger than females (Table 1) .
Sexual dimorphism in shape.-In all species, skulls of males and females differed in mean shape only as adults. In juveniles and subadults, means of the partial Procrustes distances between males and females were not significantly different (P . 0.05), whereas in adults of all species, means were different with and without standardization for same size (P ¼ 0.01; Table 2 ). However, when not standardized for size, the degree of dimorphism in adults differed significantly only in O. byronia (Table 2 ). Mean shape also was different for each species (Fig. 2) .
Similar results were found when standardization was based on maximum size of females and males in each species, except when specimens of O. byronia were standardized to maximum male size. Thus, sexual dimorphism cannot be explained only by differences in size. Furthermore, species were not significantly different in the degree of dimorphism during ontogeny (Table 3) . However, comparisons of multivariate regressions (covariation between ontogenetic changes in size and shape between sexes) indicated that there was a significant interaction in allometric patterns relative to size (A. australis, P ¼ 0.01; C. ursinus, P ¼ 0.005; and O. byronia, P ¼ 0.0034).
Axes that optimize group differences between ontogenetic phases relative to within-group variation showed different patterns among species. In A. australis with sex as a factor, only 1 significant CV axis was observed (P ¼ 0.0019), and 4 specimens were misclassified (2 males and 2 females). With age as a factor, only 1 significant CV axis was detected (P , 0.0001), separating immature (juveniles and subadults) specimens from specimens of adults. Six juveniles were misclassified as subadults and 4 subadults were misclassified as juveniles. When we examined groups by age categories and sex in each species (3 significant CV axes, for 6 groups in the comparisons), juveniles were most often incorrectly classified (although females were always classified correctly). In addition, adults were separated from specimens of immatures by CV1. Male and female adults were separated by CV2 (Fig. 3) .
For C. ursinus, only 1 axis was significant (P ¼ 0.0026) when we compared sexes, and no specimens were misclassified by the discriminant function. The function also correctly classified all specimens when age was compared, but in this case 2 axes were distinct (CV1, P , 0.0001; CV2, P ¼ 0.021). Juveniles were distinguished from the other 2 age categories by CV1, and CV2 distinguished subadults from the other 2 groups. The analysis using both age and sex as factors also produced no misclassification errors, and 3 CVs were significantly distinct (CV1, P , 0.0001; CV2, P ¼ 0.0003; CV3, P ¼ 0.0335). However, in the scatter plot of the first 2 CVs, we distinguished 3 groups that did not overlap-adult males, adult females þ subadults and juveniles, and immatures (Fig. 4) .
In the case of O. byronia, 1 CV axis was significant in comparisons between sexes (P ¼ 0.0001) but the misclassification rate was high, especially when all ages were pooled. Adult females and subadult males were frequently confused: 9 males and 2 females were classified erroneously. Misclassifications between adults and subadults also were observed in analysis of age class (2 significant axes; CV1, P , 0.001; CV2, P ¼ 0.038), in which 3 subadults and 4 adults were misclassified. Misclassification rates were high between subadult females and adult females and moderate between subadult males and adult males, and juveniles were never misclassified. The pattern of misclassification is apparent in the plot of CVs using age and sex groups (Fig. 5 ). Juveniles were separated from the 2nd group of points by CV1, whereas CV2 distinguished subadults from adult males (Fig. 5 ). This analysis revealed that juvenile O. byronia are remarkably more distinct in shape than at any other ontogenetic stage, even though sexual dimorphism is more pronounced in adults compared to other species examined. Isometric growth.-The null hypothesis of isometric growth was rejected for all subsamples of species and sex analyzed (P , 0.001; Table 4 ). A. australis had a moderate rate of growth compared to O. byronia (higher) and C. ursinus (lower). Furthermore, striking sexual differences in the rate of divergence away from the initial shape of skulls of O. byronia were observed.
During ontogeny, specimens of female A. australis exhibited elongatation of the rostrum, alveolar series, and palate. The zygomatic arch and mastoid processes became displaced posteriorly and the braincase shortened compared to the other regions of the skull. These trends also were detected in all subsamples analyzed. Among males, changes were less conspicuous, and characterized by the absence of distinct changes in landmarks anterior to the incisive foramen or in the posterior palate. The braincase followed a similar pattern shown for female specimens, but the zygomatic arch and mastoid processes became displaced more laterally and posteriorly.
Specimens of female C. ursinus exhibited a slight posterior displacement of the most posterior margin of the alveolar process, a small posterior displacement of the zygomatic arch, and narrowing across the mastoid processes. In males, the rostrum narrowed, and the posterior palate widened. The most striking changes in skull ontogeny of males were observed in the posterior region of the skull; the zygomatic arch became displaced posteriorly and the mastoid processes moved posteromedially.
Finally, in O. byronia (both sexes) the palate elongated. The rostrum and zygomatic arch of females narrowed, whereas those of the males widened. Mastoid processes of females became displaced medially during ontogeny, but those of males became displaced laterally.
Measurement of developmental rate.-The slopes of shape on size differed significantly between sexes in both A. australis and O. byronia (P , 0.01 and P , 0.003, respectively). For C. ursinus, males and females shared a common rate of ontogenetic transformation, although differences between sexes neared statistical significance (P ¼ 0.0515). However, male and female C. ursinus were significantly different in proportions at the outset of growth; they had different intercepts that persisted throughout growth. Changes in direction on the ontogenetic trajectories are most apparent when the allometric patterns were tested (Table 5 ). Sexes of A. australis and O. byronia were significantly different from each other (and the correlation vector was significantly different from 0), but in the case of C. ursinus the sexes were similar (the correlation vector was greater than zero, but not significantly). However, because the observed correlation exceeded the 95% upper bound of correlations among randomized coefficients, we reject the null hypothesis that there was no similarity.
DISCUSSION
Sexual dimorphism in size was remarkable early in ontogeny, except in C. ursinus (which is a relatively small otariid) where dimorphism becomes conspicuous only in subadults (Table 1) . That differences in shape were only detected between sexes in adults supports the theory that sexual dimorphism in taxa with large males is related to an interspecific pattern of allometric extrapolation. Once size increases, the degree of sexual size dimorphism also increases (Adams and Funk 1997) .
Our study revealed sexually dimorphic size traits that were expressed only in late ontogenetic stages (Tables 2 and 3 ) and therefore do not require extensive developmental integration with other traits and should develop with the lowest intersexual conflict. The need for within-species integration during prolonged and complex development might determine which aspects of variation are available for selection (Arthur 2002) ; thus, internal dynamics of the developmental program shared between sexes might have a profound influence on the evolution of sexual dimorphism (Badyaev 2002) .
In most vertebrates, sexes are nearly identical in morphology during early development and undergo highly divergent growth to achieve different sizes in adults (Leutenegger and Masterson 1989). In fact, recent studies show that the rapid evolution of sex-specific developmental regulators and modifiers can produce sexual dimorphism in size while still maintaining the integrity of the developmental program that is shared between sexes (Badyaev 2002) . Differences between juveniles (both sexes) and later stages of development in O. byronia (Fig. 5) suggested a large number of changes in early ontogeny. This trend was not observed in other species, in which adults were more distinct in shape compared to other age classes (Figs. 3 and 4) .
Results of the MANCOVA showed a significant interaction term between sex and the allometric pattern relative to size. However, MANCOVA did not test if sexes differed both in rate of development and in allometric patterns. So, we considered 3 alternatives to determine which factor was responsible for differences observed between sexes: sexes differed in rate of development, but followed the same ontogenetic trajectory of shape; sexes differed in ontogenetic trajectories of shape but not in rate; or sexes differed in both rate and direction of ontogenetic transformations. The 1st of these would predict that the shape of males was simply an ontogenetically scaledup version of the shape of females, whereas the other 2 imply that each sex follows its own ontogenetic trajectory, at either similar or different rates.
Differences observed in comparisons of shape between sexes in O. byronia ( Figs. 2 and 6 ; Tables 4 and 5) were due to the extreme size of males of this species (allometry). Differences in shape between sexes measured as partial Procrustes distances (degree of dimorphism) in adults not standardized for size differed significantly only in O. byronia. Variation in shape between sexes is generally linked to size differences to some degree, but it also exhibits important variation in both magnitude and pattern between species (Humphrey 1998) .
The rate of development in O. byronia was approximately 3 times faster for males than for females (Table 4) , which suggests that a heterochronic pattern was involved in the evolution of dimorphism. However, all species also differed in their ontogenetic transformations (i.e., allometric pattern) rather than progressing along the same ontogenetic trajectories at different rates (Table 5) . Conversely, species with longer growth periods experience more age-specific selection pressures and thus are more likely to evolve greater dissociation in growth patterns between the sexes.
Sexes of O. byronia were different with respect to the determinant coefficient (r 2 ; Table 4), in which males exhibited a higher correlation between Procrustes distances and logtransformed centroid sizes. Displacement in males of this species in comparison with the females could be related to body size (Brunner 2004) , feeding adaptations, habitat (Ford 1994; Gaulin and Sailer 1985) , or phylogenetic inertia (Cheverud et al. 1985 (Cheverud et al. , 1986 . As a result, the strong sexual dimorphism exhibited by O. byronia may be the consequence of many different selection pressures. To study the effect of 1 particular factor, one would need to isolate these factors (Lindenfors and Tullberg 1998) , a difficult prospect for this type of study.
The differences between sexes of C. ursinus were apparently related to the beginning of development and, in particular, differences in the intercept of ontogenetic regression. In our samples it was not possible to detect dimorphism when comparing juveniles. Thus, we could infer a heterochronic process in the origin of sexual dimorphism in this species, in which males are peramorphic in relation to females, with males probably being postdisplaced in comparison with females. However, verifying this inference would require additional information about the relationships between changes in shape and chronological age.
In this study, we analyzed allometry of skull development in 3 species of otariids using geometric data, and it is important to consider that allometric coefficients reflect changes in shape with size. Nonetheless, the different meanings of the coefficients did not impede our ability to recognize evolutionary patterns reflected in ontogenies by using trajectory lengths for each sex and species group. In fact, it is known that the 2 developmental processes that generate sexual size dimorphism are sex-specific differences in growth rate and growth duration. These processes are subject to selection and their relative contribution to the sexual dimorphism of adults provides information on the direction and patterns of the evolution of sexual dimorphism.
Overall, it is clear that sexes in all 3 species of otariids differed in both rate and direction of ontogenetic transformations. This result suggested evolutionary lability in the later development of otariids. 
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Description of anatomical landmarks used in this study. 
